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I. INTRODUCTION
After the first experimental demonstration of graphene, 1 two-dimensional (2D) materials became an active field of research owing to their extraordinary physical properties existing at low dimensions. Especially, transition metal dichalcogenides (TMDCs) with chemical formula MX 2 have been a popular choice for non-carbonous 2D material research as they possess weak interlayer coupling similar to graphite that enables isolation of monolayers in the laboratory conditions. Based on their versatile physical properties, monolayer TMDCs are ideal for fundamental research and industrial applications. [2] [3] [4] [5] For example, monolayer MoX 2 and WX 2 (X ¼ S, Se, Te) are direct band gap semiconductors, which are suitable for optoelectronic applications and devices for energy harvesting. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The band gaps of these TMD nanosheets can be tailored either by vertical electric field 6 or by trimming monolayer MoS 2 into micro and nanoribbons by electrochemical methods, 17 and ab initio calculations have demonstrated the stability of MoS 2 nanoribbons with disparate magnetic and electronic properties corresponding to different edge-atom structures. [18] [19] [20] Moreover, MoS 2 nanoribbons have been proposed as promising cathode materials for Li-ion batteries due to the high power densities and fast charge/discharge rates. 21 So far, various kinds of TMDCs few-layer nanosheets, including MoX 2 , WS 2 , WSe 2 , TaS 2 , TaSe 2 , NbS 2 , NbSe 2 , NiTe 2 , TiS 2 , TiSe 2 , ZrS 2 , VS 2 , and VSe 2 , have been successfully synthesized by various methods, such as liquid exfoliation, mechanical exfoliation, electrochemical lithiation process, high-temperature gas-solid method, and hydrothermal synthesis method. [22] [23] [24] [25] [26] [27] [28] [29] Despite the intensive research on semiconducting TMDCs (sTMDCs), physical properties of their metallic counterparts remain relatively unknown. In this work, we systematically investigate the influence of dimensionality on the electronic and magnetic properties of MX 2 (M ¼ Nb, Ta; X ¼ S, Se) from 2D monolayers to 1D nanoribbons. We find that the metallic transition metal dichalcogenides (mTMDCs) display high stability in the monolayer and nanoribbon forms. The spin-polarized calculations confirm that the bulk (3D) and monolayers (2D) of mTMDCs are non-ferromagnetic and metallic. Reducing the dimensionality from 2D to 1D opens a band gap, and the nanoribbons undergo metal-to-semiconductor transition similar to case of graphene, 30, 31 then these ribbons return back to metal with further decreasing ribbon width. Interestingly, zigzag terminated MX 2 nanoribbons are ferromagnetic (FM) semiconductors and their magnetism can be tuned by hydrogen passivation. Most of armchair terminated MX 2 nanoribbons are nonmagnetic semiconductors, except for some ribbons with specific widths. Our results show that the electronic and magnetic properties of mTMDCs can be tuned by size confinement to cover a wide range of physical properties spanning from metal to semiconductor and non-ferromagnetic to ferromagnetic.
II. COMPUTATIONAL METHODS
The spin-polarized calculations were performed using the projector augmented wave (PAW) method 32 with the generalized gradient approximation of Perdew-BurkeErnzerhof (GGA-PBE) 33 34 as implemented in the Vienna ab initio simulation package (VASP). 35 Energy cutoff for plane-wave expansion was set to 550 eV. A large vacuum layer of 12 Å was adopted to prevent the interaction between adjacent images. Brillouin zone sampling was performed with Monkhorst Pack (MP) special k point meshes.
36 K-points' grids of 24 Â 24 Â 7, 24 Â 24 Â 1, and 24 Â 1 Â 1 were chosen for the MX 2 bulk, monolayer and nanoribbon calculations, respectively. All the structures were fully relaxed using the conjugated gradient method until the Hellmann-Feynman force on each atom was less than 0.01 eV/Å . Bader analysis was used for the charge distribution on atoms. 37 
III. RESULTS AND DISCUSSIONS
A. Structural and mechanical properties of monolayer and nanoribbon mTMDCs Bulk mTMDCs (MX 2 where X ¼ Nb, Ta and X ¼ S, Se) are layered honeycomb structures and the monolayers of mTMDCs consist of three atomic layers: a transition metal (M) layer sandwiched between two chalcogen (X) layers, forming the hexagon with M and X atoms alternatively situated at the corners. The monolayers are held together by weak van der Waals (vdW) interaction with the Bernal stacking similar to graphite. Basic lattice parameters and physical properties of single-layer MX 2 are listed in Table I , and the calculated results are consistent with previous studies. 10, [38] [39] [40] [41] [42] Figure 1(a) shows the atomic structure of MX 2 monolayer. The lattice constants of MX 2 monolayers calculated by PBE are slightly overestimated with respect to experimental values. 43 The NbX 2 and TaX 2 exhibit similar physical trends: the lattice constants, bond lengths between M and X, and the monolayer heights increase from S to Se, due to the increase of ionic radius of X. The above three parameters of NbX 2 are very close to those of TaX 2 , suggesting that the heterostructures and other composite structures benefiting from the physical properties of NbX 2 and TaX 2 may be easily achieved due to the excellent lattice match. The elastic parameters Poisson's ratios and in-plane stiffness C are calculated by fitting the strain-energy relationship of mTMDC monolayers, as described in Ref. 44 9 respectively. Similar to MoS 2 , the monolayer mTMDCs can be tailored into nanoribbons with two different edge terminations, namely, zigzag MX 2 nanoribbon (ZMX 2 NR) and armchair MX 2 nanoribbon (AMX 2 NR). The width of the zigzag nanoribbon is denoted as N z , and that of the armchair nanoribbon is denoted as N a . A ZMX 2 NR with N z zigzag chains is labeled as N z -ZMX 2 NR and an AMX 2 NR with N a armchair chains is labeled as N a -AMX 2 NR. The stripe widths N z from 2 to 7 are considered for zigzag nanoribbons and N a from 2 to 10 are considered for armchair nanoribbons in our calculations. The fully optimized structures of nanoribbons show some deformation at the edges, as shown in Figures 1(b) and 1(c) . The M-X bonds decrease at the edge due to the unbalanced force on the edge atoms. For example, the Nb-S bond lengths of 6-ZNbS 2 NR are 2.44 Å and 2.45 Å at the Nb-terminated and S-terminated edge, respectively, while they are 2.49 and 2.50 Å in the inner of the nanoribbon. Other nanoribbons show similar structural deformation with the shortened edge M-X bonds but well-kept triple-layer networks.
As the stability is one of the most crucial factors in determining whether the low-dimensional systems can be experimentally realized, we have calculated the binding energy of MX 2 monolayers and nanoribbons following the method described in Ref. 18 . By comparison, the monolayer and nanoribbons of NbX 2 (TaX 2 ) have larger binding energy than the monolayer and nanoribbons with the same number of atoms per unit of MoX 2 (WX 2 ), 9,10 respectively. 
B. Electronic and magnetic properties of monolayer and nanoribbon mTMDCs
The band alignments of MX 2 monolayers near Fermi levels (E F ) are very similar; Figure 3 illustrates the band structures and DOS of TaS 2 monolayers as an example. The calculated results indicate that the monolayer mTMDCs are metallic. The E F goes across one energy band, which is mainly occupied by the d orbitals of M atoms, as demonstrated by the PDOS of MX 2 monolayer. Due to the odd numbers of valence electrons (here 23 electrons for the unit cell of the monolayer resulting from the use of hard PAW pseudopotential), the top valence bands are not fully occupied; therefore, the monolayers of MX 2 are metallic. All the maximums of the highest valence band (HVB) and the minimums of the lowest conduction band (LCB) are located at C point and K point, respectively. The indirect band gaps are 1.21 eV, 1.33 eV, 1.32 eV, and 1.40 eV for NbS 2 NbSe 2 , TaS 2 , and TaSe 2 monolayers calculated by PBE, respectively. In addition, the calculated results confirm that the monolayers of MX 2 are nonmagnetic, which is consistent with the previous studies. 10, 38, 42 Next, we focus on the magnetic properties of MX 2 nanoribbons. Table II 2 NRs, when N z 4, the ribbons have positive energy differences whereas when N z > 4, the energy differences become negative, which means that the nanoribbons with width N z 4 have magnetic ground states and that N z -ZNbSe 2 NRs (N z > 4) have nonmagnetic ground states. The ZTaSe 2 NRs have magnetic ground states when N z 5 and nonmagnetic ground states when N z > 5. Taking the 6-ZNbS 2 NR, for example, as shown in Figure 4 (a), the magnetic moments are mainly contributed by the unpaired electrons of edge Nb and S atoms with dangling bonds, and the inner Nb atoms also contribute a small part, which reveals the FM coupling interaction between the two edges. Other zigzag nanoribbons show similar FM distributions in their ground states. Moreover, the AFM coupling has also been checked for each nanoribbon with magnetic moments. The total energy calculations reveal that the AFM coupling has higher energy than FM coupling for these nanoribbons (all computed DE 2 are positive), which confirms that the FM coupling is more preferred for the magnetic moments of these nanoribbons. We also investigated the magnetic property of 5-ZMX 2 NRs with X-H bond at one edge and M-H2 bonds at the other edge, as illustrated in Figure 1(d) . Interestingly, it is found that the asymmetrical edge hydrogenation completely removes the magnetism, making them nonmagnetic at the ground states. Meanwhile, the ground state energies have been lowered after hydrogenation, and the binding energies have been increased by 10.47 meV, 8.98 meV, 9.68 meV, and 9.17 meV for 5-ZNbS 2 NR, 5-ZNbSe 2 NR, 5-ZTaS 2 NR, and 5-ZTaSe 2 NR per unit cell, respectively; therefore, the zigzag nanoribbons are more stable after hydrogenation. It can be predicted that the magnetism of ZMX 2 NRs with other width can also be removed by asymmetrical hydrogenation. It is interesting that a small number of armchair nanoribbons also present magnetic behaviors, which are listed in Table II . And what is even more peculiar is that unlike zigzag nanoribbons the magnetism of armchair nanoribbons are mainly concentrated by the inner M atoms, as illustrated in Figure 4 (b) as an example.
When the dimensionality decreases from 2D to 1D, metal-to-semiconductor transition has been observed for both zigzag and armchair nanoribbons at certain ribbon widths. The band gaps of MX 2 nanoribbons as a function of the ribbon widths calculated by HSE06 are presented in Figure 5 (a). The band alignments calculated by PBE and HSE06 are similar, except for that the band gaps calculated by HSE06 are much larger, as illustrated in Figures 5(b) and 5(c). Nanoribbons with the ribbon width N z (N a ) ¼ 4 become semiconductor. Especially, the 5-ZNbS 2 NR and 5-ZTaS 2 NR (corresponding to $13 Å ), 5-ANbSe 2 NR and 5-ATaSe 2 NR (corresponding to $7 Å ) also become semiconductor with band gaps of 0.74 eV, 0.59 eV, 0.74 eV, and 0.78 eV, respectively. However, it is surprising that the both zigzag and armchair nanoribbons return to metallic when their width decrease to N z (N a ) ¼ 2 and 3. When the edges of these 5-ZMX 2 NRs are passivated by asymmetrical H, the ribbons return to metallic with one energy band across the E F , as shown in the right diagram of Figure 5(b) . Therefore, the hydrogenation process not only changes the magnetic property but also modulates the electronic property of the nanoribbons. The physical origin of such intriguing transition between metal and semiconductor can be understood by the combined influence of the quantum size effect and the edge effect. The semiconductor property of nanoribbons is mainly due to the quantum size effect when their widths decrease to the critical values, and the metallic behavior of nanoribbons is mainly caused by the edge states originating from the dangling bonds of edge atoms with small ribbon width, which are located near the E F . Taking the ZNbS 2 NRs for example, the 4-ZNbS 2 NR and 5-ZNbS 2 NR become semiconductor because of the quantum size effect. When the widths further decrease to N z ¼ 3 and 2, the proportions of edge atoms increase to 33.3% and 50%, respectively, and the edge states play a dominant role in determining the electronic property at these widths, thus, the 2-ZNbS 2 NR and 3-ZNbS 2 NR exhibit metallic behavior. In order to demonstrate our explanation, we have investigated the influence of edge hydrogenation on the electronic property of metallic 2-ZNbS 2 NR, as hydrogenation has been used as an effective method to remove the edge states. It is found that the nanoribbon becomes semiconducting, as illustrated in Figure  5 (d), which supports our explanation that the edge states originating from the dangling bonds are responsible for the metallic property of the nanoribbons with small ribbon width. 
IV. CONCLUSIONS
In summary, our work shows that the monolayers and nanoribbons of mTMDCs offer a wide range of electronic and magnetic properties spanning from metal to semiconductor and non-ferromagnetic to ferromagnetic. Our findings can be summarized as follows: (1) Monolayer mTMDCs (MX 2 M ¼ Nb, Ta and X ¼ S, Se) are nonmagnetic metals and are softer compared to the semiconducting TMDCs (MX 2 M ¼ Mo, W and X ¼ S, Se). TaS 2 monolayer possesses the largest binding energy and plane stiffness among the four kinds of monolayers, suggesting that TaS 2 monolayer is the most stable and softest one among the studied 2D materials (2) as the dimensionality is reduced from 2D to 1D, mTMDCs undergo metal-semiconductor-metal transition (3) most of the zigzag terminated mTMDC nanoribbons (2 N z 7) are ferromagnetic with the magnetic moments located at the edge atoms, and the magnitude of the ferromagnetism can be tuned by edge passivation. On the contrary, armchair nanoribbons (2 N a 10) are mostly non-ferromagnetic, with excerptions of 6-AMX 2 NRs, 2-ATaS 2 NR, 5-AMSe 2 NRs, and 10-ANbX 2 NRs. Increased size confinement effect going from 2D (monolayer) to 1D (NRs) greatly influences the magnetic and electronic properties of mTMDCs, thus offering a very wide range of physical properties. 
